Yeast activated sludge was developed and operated at salinities of 0, 15, 30, 45, and 60 g/l NaCl. The kinetics of the various sludges degrading a wastewater with glycerol as the carbon source were determined. Inhibition due to salinity was analyzed and it was found that the limiting concentration of NaCl is 120 g/l. Salinity affects the maximum growth rate of the sludge. Reactors were exposed to shock salinity changes. Salt shocks affected maximum growth rate of the reactors but treatment was still effective. The effect of pH adjustment was investigated and it was determined that hourly adjustments of pH led to the most effective treatment outcomes. Finally, DNA of the reactors was investigated. Although Scheffersomyces spartinae (Debaryomycetaceae family) was clearly more suited to the high salinity environment than other yeast species, even at high salinity the number of species was diverse. This suggests the potential to use a number of yeast species for high salinity wastewater treatment.
INTRODUCTION
High salinity wastewater is commonly produced in the food processing, pickling, and petrochemical industries. Other wastewaters high in salinity are produced by specialized industries and by other wastewater treatment processes such as reverse osmosis (reverse osmosis brine stream). High salinity wastewaters with biodegradable organics are often hard to treat biologically. The salinity of the wastewater has numerous effects on a bacterial biomass, which results in sub-optimal reactor performance. Effects of high salinity on bacterial biomass include poor organic removal rates, poor ability of reactor to handle high loading, sensitivity of reactor to changes in salinity, and poor settling (Lefebvre & Moletta ) . The organic removal and loading problems have been associated with a decrease in the rate that the microorganisms can consume the substrate (Kargi & Dincer ; Lefebvre & Moletta ) . Settling problems have been attributed to lack of grazing organisms that can survive at high salinity levels (Kargi & Dincer ; Wu et al. ) . Problems with organism sensitivity to a saline environment are magnified when anaerobic systems are used. Anaerobic systems are especially unsuited to fluctuation in salt concentration (Lefebvre & Moletta ) .
Solutions to the problem of biological treatment of high salinity wastewater have focused on three areas. The first is the introduction of halophilic organisms to the bacterial culture to increase the ability of the sludge to handle high salinity conditions. Kargi & Dincer () and Uygur () both added halophilic bacteria to their activated sludge and noticed better treatment at higher salinity. However, at salinities above 5%, treatment became limited and efficiency of both ammonia and phosphorus uptake declined (Kargi & Dincer ; Uygur ) . Second, reactor type and/or modification of reactor operation has been tried to help the bacterial biomass cope with high saline conditions. Dincer & Kargi () had some success using a rotating biological contactor to treat high salinity wastewater and Yang et al.
() used an anammox system to increase nitrogen removal of a system at high salinity. Finally, some researchers have looked into the use of yeast as a treatment organism for high salinity wastewaters. Yeasts are more osmotolerant that bacteria (Yang & Zheng ) . Yeasts have been shown to take up higher amounts of phosphorus than bacterial biomass, an ability that can be greatly enhanced by mutation and selection of high phosphorus uptake species (Dan et This paper is focused on the third method of treating high salinity wastewater: yeast. Earlier researchers were mainly concerned with whether or not yeast could treat a wastewater (or high salinity wastewater) or whether a specific species could perform in some particular way. The purpose of the research presented here is to describe how yeast reactors respond to differing operational conditions, particularly salinity. The paper presents findings about the following main yeast reactor operation topics:
1. Inhibition effect of salinity on rate kinetics 2. Effect of saline shock on reactor performance 3. Effect of pH and pH adjustment on reactor performance 4. Effect of salinity on genetic composition of mixed yeast sludge.
METHODS

Enrichment and development of yeast biomass
The yeast biomass used in this research was a mixed yeast sludge that was developed from a number of different yeast sources. Original biomass was taken from a soy sauce manufacturing plant in Guangzhou, China. Subsequently, yeasts from a number of other sources were added. All cultures were enriched as described in Standard Methods for the Examination of Water and Wastewater (). The final sludges were mixed in a reactor at 30 g/l salinity and final biomass composition was determined by free competition. The 30 g/l reactor was run as a sequencing batch reactor with a 4 day solids retention time. Biomass was fed in the morning and allowed to react for 24 hours. Influent water had a pH of ∼5.5 but pH quickly fell after feeding. The pH was adjusted up to ∼4.0 after 2 hours had elapsed and not adjusted further until the following day. After 24 hours, the biomass was centrifuged at 2,500 g for 10 minutes and the supernatant was poured off. New feedstock was added to the centrifuge cups to re-suspend the biomass and the biomass was then returned to the reactor and operated for another day.
Reactors were 2 litre glass beakers with magnetic stir bars and used an air stone connected to an aquarium air pump for aeration.
Carbon source for the biomass during enrichment was glucose. Nutrient during enrichment was Difco yeast nitrogen base with amino acids. These were dosed as described by Kurtzman et al. () . Carbon source was changed to glycerol after enrichment. The change was made because many yeasts can ferment glucose. Respirograms that were produced by using glucose were unusable due to fermentation in the reactor. An alternate, non-fermentable, substrate needed to be found. Yeasts do not ferment glycerol so degradation is completely due to aerobic processes and produces good respirograms. Daily dose of glycerol was ∼5,000 mg/l chemical oxygen demand (COD). Precise dosing was difficult due to the fact that glycerol is very viscous.
Nutrient dosing changed along with carbon source change. Chemical composition of the yeast biomass was analyzed and a nutrient formula was developed based on that chemical composition. Table 1 shows the nutrient feed concentration. Nutrient dose was based on the amount of biomass grown.
Once a stable mother reactor was running at 30 g/l salinity, biomass was removed and placed into four other reactors. All reactors were gradually acclimated to new salinity levels over the course of 1-2 weeks. The result was five reactors with salinities of 0, 15, 30, 45, and 60 g/l NaCl.
Kinetic modeling and curve fitting
It was discovered that yeast kinetics did not fit well with traditional kinetic models. Therefore, a kinetic model was developed specifically for yeast. The model was based on the activated sludge models (ASM) and contains many variables that are in those models. The model is described in detail by Frigon et al. () . Kinetic parameters were determined through a combination of methods. Yield was determined by COD testing and total oxygen uptake (OU) (Vanrolleghm 
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Nutrient formula was added according to growth per day of cell mass fed with COD of 5,000 mg/l. The nutrient was added for approximately every 2,083 mg of cells grown. et al. ). Maximum utilization rate was determined by analyzing the slope of the OU vs oxygen uptake rate (OUR) curve as described by Smets et al. () . Initial biomass concentration was determined by the specific growth rate vs OU curve as described by Smets et al. () . Decay rate values were determined by analysis of the respiration curve as described by Henze et al. () . Stored material and soluble microbial product kinetics were determined through carbohydrate tests of the biomass and COD tests of reactor effluent respectively. Half-saturation constants (K S ) were determined through curve fitting.
Curve fitting for the models was done using Berkley Madonna software. Figure 1 shows an example of the curve fit in comparison to actual respirometer output. Influent COD was 804 mg/l.
Respirometry
Respirometry was performed using a Challenge model AER-204 respirometer. Respirometry tests were all done at a starting pH between 5.0 and 5.1. Temperature of the reactors was controlled at 25 W C by a PolyScience model 5250M40A130Y refrigerated recirculating chiller. Nutrient broth composition was the same as described in Table 1 . Dosing of nutrient was determined by estimating a yield of 0.6 from glycerol COD and then adding nutrient at 5× stoichiometric need. Salinity in the respirometric tests was the same as the reactor that provided the biomass. NaCl concentrations were 0, 15, 30, 45, and 60 g/l NaCl.
COD testing
COD of influent wastewater for both reactors and respirometry bottles was tested after the addition of glycerol and nutrient but prior to the addition of NaCl so that chlorine interference would not be a factor. COD tests were carried out as described in Standard Methods for the Examination of Water and Wastewater (). When testing high salinity samples, EPA method 410.3 (US EPA ) was used.
pH modification tests
The pH was measured using a Hanna Instruments model HI 8424 portable pH meter. The meter was calibrated every morning with standard pH 4 and pH 7 buffer solutions.
Genetic testing
Biomass samples were freeze dried and sent to Novogene in Beijing. Genetic material was extracted and run through an ITS1 indexing process to determine the genetic type and proportion of fungal organisms in the sludge.
RESULTS AND DISCUSSION
Yeast kinetics and salt inhibition
The kinetics that govern exponential growth in yeast are the same as those in ASM 1. These are the kinetics that are affected by salt concentration of the reactor.
Respirometric tests were done in quadruplicate over a series of days for each reactor salinity level, and kinetic parameters were determined. The kinetic values presented here are only those that were related to the ASM 1 part of the model and the method for their determination has been well tested and is described in the 'Methods' section. Table 2 presents the average values for these parameters.
Inhibition occurs when reaction rates slow down due to environmental factors. These mainly have to do with the maximum specific growth rate of biomass μ H,Max and K S values. The way that these values affect substrate consumption can be either non-competitive, competitive, or uncompetitive. Also, inhibition can be related to substrate, product, or cells. For a more in-depth discussion of these forms of inhibition, the reader is directed to Han & Levenspiel () .
In the case of salt, inhibition is not caused by substrate or cell concentration. It is also not caused by any product of biological processes. Salt inhibition acts like product inhibition except that concentration does not change no matter how much substrate is consumed.
As can be seen from Table 2 , K S values varied randomly from 13.2 to 16.2 with no relation to salinity. It can be concluded that K S value is not affected by salinity. If K S is not affected by salinity, it is assumed to be constant. When K S is constant, the method described by Han and Livenspiel defines the system as 'noncompetitive' (Han & Levenspiel ) . μ H, Table 2 change with salinity. The highest μ H,Max was reached at 0 g/l NaCl and the lowest at 60 g/l NaCl. The technique described by Han & Levenspiel () was used to determine inhibition constant (K I ) and the value of the constant n. These were determined to be: K I ¼ 120 g/l NaCl, n ¼ 1.88. K I is the concentration of NaCl above which no reaction can continue. This value was calculated for a mixed population of yeast, by Dan et al. () using the Ghose and Tyagi formula, to be 70 g/l NaCl. Choi & Park (), however, arrived at 120 g/l in their experiments.
Max values in
Yeast μ H,Max value has been determined previously by several researchers. The work done by Dan et al. the μ H,Max for yeast consuming salad oil. The μ H,Max values were in the range 2.64-6.0 day À1 . Several researchers determined μ H,Max for baker's yeast aerobic consumption of glucose in a 'cybernetic model'. Jones & Kompala () determined the μ H,Max for glucose, in a system where fermentation and oxidation of ethanol were also present, to be 7.92 day À1 . Di Serio et al. () found the value to be 12 day À1 with similar assumptions.
The μ H,Max typically given for bacterial sludges degrading wastewater is 6.0 (Henze et al. ). Dan et al. () ran bacterial reactors consuming glucose and found bacterial μ H,Max to be 15.9 day À1 .
The significance of a K I value of 120 mg/l is that yeast can continue to degrade wastewater far above the point where bacterial cultures, even enhanced with halophilic strains, can function. The maximum salinity that bacterial cultures can handle in activated sludge type reactors is generally shown to be ∼50 g/l (Kargi & Dincer ) . The 60 g/l yeast reactor in this research did very well. In addition, while the other reactors occasionally had problems with bacterial contamination, the 60 g/l reactor never had contamination problems.
The rate equation for the mixed yeast population used in this research for degradation of glycerol and values for the derived variables are given below: rate of cell growth Cell COD lÃday
where: μ H,Max ¼ constant: maximum specific growth rate of biomass, 9.5 day À1 K S ¼ constant: half-saturation constant, 14.6 mg/L (average value from all trials) The impact on maximum rate of biodegradation can be seen by running the model with average kinetic values from fitted curves presented in Table 2 . A model was needed instead of using raw data to make a comparison between reactors operating at different salinities. The sludge activity varied between reactors of differing salinity, and precise dosing of glycerol was difficult. Therefore, the active biomass concentration and the COD dose in the model were adjusted to 25 mg/l and 650 mg/l respectively while other parameters retained the value determined through kinetic testing. The model was then run and the resulting curves are shown in Figure 2 .
pH adjustment
In order to keep a yeast-dominant biomass, especially at low salinity, it was necessary to carefully monitor and adjust pH in the reactors. Yeasts can survive in a pH range from ∼2.5 to 9.0 but they typically do their best at pH 5.0-5.5. However, yeast can survive quite well at lower pH values though the lower pH may cause the inactivation/loss of production of certain enzymes. Reactors had a target pH of ∼ 4.0. When new substrate was fed to the yeast biomass, the pH in the reactor would rapidly fall. After some time, the pH would stabilize and no pH adjustments were necessary until the next feeding. After operating various yeast reactors for several years, it became apparent that waiting for 1-2 hours after feeding to adjust pH was most effective for keeping a stable biomass and maximum growth in the system.
In order to determine how best to adjust pH in a yeast system to promote optimal wastewater treatment speed, a series of tests was performed to see how well the reactors degraded wastewater under various pH adjustment schemes. The testing was done on a reactor at the same salinity of the mother reactor (30 g/l NaCl). In each of these tests, pH was adjusted to ∼4.2 at adjustment times. The pH was monitored every 15 minutes and samples were taken for COD testing every hour for 8 hours. The pH adjustment schemes were as follows:
(1) No adjust: wastewater was added and no adjustment was performed over 8 hours (2) Adjust after 1 hour only: the pH was adjusted after 1 hour had elapsed but not again after that (3) Adjust every hour: the pH was adjusted once every hour (4) Adjust every 15 minutes: pH was adjusted every 15 minutes. Table 2 for different reactor salinities. The effect of reactor salinity on OU leads to longer reaction times.
was a very sharp drop in pH as soon as the wastewater was added to the system. The exact reason for this was not examined but it is likely a combination of reasons. One is that acid intermediates may be produced from degradation of primary substrate, which are later consumed. Another is that the yeast use a proton pump to lower the pH of the wastewater and thereby increase the pH gradient between inside and outside the cell causing more effective diffusion of nutrients across the cell membrane. The pH continued to decline to a minimum of ∼2.5 over the first hour if pH adjustment was not performed. The pH would not fall below 2.5 even if no adjustment was performed.
Aside from the hourly adjustment scheme, all of the other rate adjustment methods led to suboptimal treatment outcomes which can be seen by looking at the hourly rate curve in Figure 3(b) . As the biomass grows on a substrate, the rate that it consumes a substrate should increase, peak, and then fall. The lack of a peak on most rate curves indicates that substrate degradation or biomass growth was inhibited.
In the case of no adjustment and adjustment only once after 1 hour, we can assume that the low pH inhibited the biomass' ability to form new cells. The final pH of the system that was adjusted after 1 hour did not drop as low as the substrate that had no adjustment. The rates of the two systems, however, are nearly identical indicating that pH below ∼3.5 significantly affects cell growth and, therefore, degradation rate. Low pH did not halt degradation. It merely stopped or slowed growth rate.
Nearly constant adjustment of pH also affected treatment rate. The rate cap was higher than for the low pH runs, but there was a noticeable plateau in the rate. This suggests that allowing the pH to fluctuate is advantageous to some extent and should not be controlled too strictly.
The experiment where pH was adjusted hourly had a rate curve that would be expected of a biomass after being fed, having some growth, and then running out of substrate to consume. These tests show that the hourly pH modification was most effective for the operation of the yeast bioreactors, resulting in fastest biodegradation of substrate.
Salt shock loading
In bacterial reactors that have been operated at high salinity, an important operational consideration is that the influent salinity must be stable. Shock increase or decrease in salt content can cause major disruptions to the biomass (Kargi & Dincer ) . Once a reactor biomass has been disrupted, it will take some time for the reactor to stabilize and treat water to the previous standard. Shock salt loads to low salinity systems can be particularly devastating to reactor performance (Kargi & Dincer ) .
In order to determine if shock variation in salinity would have similar effects on yeast reactors, shock loading tests were performed on a yeast bioreactor. A reactor acclimated to 30 g/l NaCl was shocked for a single day with influent wastewater that had large changes in NaCl concentration. COD and nutrient concentration in the wastewater was the normal. COD was measured every hour for 8 hours after feeding so that treatment effectiveness could be compared. After the shock day, the reactor was returned to normal operation at 30 g/l NaCl for 3 days. On the fourth day, a new shock test was started. A reactor that was acclimated to 0 g/l NaCl was also shocked with a high level of NaCl concentration for a day to see how sudden increase in salinity on a non-saline system would affect treatment.
The results of the pH adjustment tests presented showed that the best operational outcome was achieved by hourly adjustment of pH. Therefore, all reactors in the salt shock tests were operated with hourly pH adjustments. Feed wastewater was added at its normal pH (∼5.2) and was adjusted to ∼4.2 at the beginning of every subsequent hour for all tests. Figure 4(a) shows the change in pH and COD for the high salinity tests. Figure 4(b) shows hourly COD degradation rates for the high salinity tests. Figure 5 (a) and 5(b) show the same data for the low salinity tests. 'Baseline' for the tests was the stable reactor running at 30 g/l NaCl for the high salinity tests and 0 g/l NaCl for the low salinity test.
For the high salinity tests, the main effect that shock salt loading had on treatment was to modify the peak rate of degradation. This finding coincides well with the outcome that was shown in the kinetic tests in Figure 2 with decreasing peak OUR as salinity increases. The 40 g/l shock appears in the graphs to have had a similar peak rate as the 30 g/l test. However, the graph shows that the 40 g/l test started at a higher initial rate, indicating a higher initial biomass concentration. The peak of that curve was not as pronounced as was observed with the 30 g/l test. Salt shock, no matter whether it was an increase or decrease in salinity, did not affect the overall ability of the biomass to treat the wastewater.
Low salinity salt shock tests had similar results; that is, the addition of salt decreased the maximum rate of wastewater degradation but not overall degradation ability. Figures 4(b) and 5(b) show that salt shock most likely affected biomass growth. Reduced growth can be seen in the 10 g/l and 50 g/l curves where substrate degradation occurred at a flat rate followed by a decline in rate. This flat rate is an indicator that new biomass was not formed (or little new biomass was formed) so no increase in rate was possible. Large instantaneous changes in salinity may have affected the ability of the yeast biomass to produce new cells but did not affect the ability of the remaining cells to consume the substrate.
DNA analysis and biomass composition
The development of the yeast culture used during this research was described in the 'Methods' section. However, the mix of yeast species that was added as well as what species had survived/dominated was not known. It was expected that the species population and distribution would shift depending on the environmental conditions and the feed wastewater. Therefore, DNA testing was performed. Table 3 shows the five most numerous types of fungi in the biomass for each reactor along with each species percent composition out of the entire biomass. The great majority of the fungi shown are generally known to be yeasts but some, such as Mycocentrospora, are not yeasts. These may be fungi that have a yeast form or they may just be other fungi living in the biomass.
The two main types of yeast were Cyberlindnera jadinii and Scheffersomyces spartinae (Debaryomycetaceae family). Cyberlindnera jadinii is typically known under another name: Candida utilis. C. utilis is a non-specific name that describes a number of similar yeasts. C. utilis has been used since the 20th century as livestock feed and food supplement for humans. The species is of interest to the bioremediation community due to its ability to tolerate lignin by-products, thereby making it potentially useful for the bioremediation of paper-processing wastes (Feldmann ) .
It is not surprising that yeast within the family of Debaryomycetaceae was found in the mix. The family Debaryomycetaceae is known to be very salt tolerant and was sought after for this research (Feldmann ) . However, a reliable, economical source could not be located. The DNA results show that, as the reactors become progressively more saline, the Scheffersomyces portion of the biomass become progressively more dominant.
The most significant feature of the DNA results is that they show a number of yeast species are able to tolerate high salinity environments. Debaryomycetaceae certainly has an advantage at higher salinities, but other yeast species also were present and did relatively well. In addition, Cyberlindnera jadinii is a very common yeast. No special halophilic cultures need to be developed to operate a high salinity yeast reactor.
CONCLUSION
This research showed the ability of yeast to tolerate high salinity wastewaters and still provide effective treatment. The main influence salinity had on yeast kinetics was to affect Figure 5 | Response of a reactor to shock salinity changes for low salinity tests: (a) COD variation after salt shock, (b) rate comparison between shocked reactors. Prior to each shock the reactor was stable and run at 0 g/l NaCl. the maximum growth rate of substrate. The analysis presented here shows that yeasts have the potential to treat wastewater with salinity up to 120 g/l NaCl.
Although salt-tolerant yeast strains such as Scheffersomyces spartinae are desirable in a high salinity yeast sludge, the DNA results showed that other yeast strains are also able to tolerate very high salinities.
The research presented showed that yeasts were able to tolerate large shock changes in salinity with little effect on treatment outcome. Shock changes in salinity were as large as 20 g/l compared with the normal operating concentration. Lower absolute concentration changes had little effect on treatment outcome. Yeast reactors that were operating under freshwater conditions were also tolerant of shock changes in salinity.
Intermittent control of reactor pH was shown to result in the most effective treatment. Hour-long intervals achieved the best treatment outcome. Note: The ITS1 method was able to determine family and genus for most species (non-italic and italic text). In a few cases, the DNA returned an unspecified fungus. This appears to have been the same fungus in all cases where it was detected.
